The effects of chronic exposure to waterborne Cd and elevated dietary Ca, alone and in combination, were examined Ž . w in juvenile rainbow trout, Oncorhynchus mykiss. Fish were chronically exposed to 0.05 control or 2.56 grl Cd as Ž . x Ž . Ž Cd NO и 4H O and were fed 2% body massrday of control 29.6 mg Carg or Ca-supplemented trout food 52.8 mg uptake from water into the gill and induced hypocalcemia in the plasma on day 40. Waterborne Cd also induced an elevated Ca concentration on day 20 in the gill tissue of trout fed the Ca-supplemented diet and a decreased Ca concentration on day 35 in the gills of trout fed the control diet. Dietary Ca protected against Cd accumulation in gill, liver, and kidney, but did not protect against the inhibition of Ca uptake into the gill or plasma hypocalcemia. When fed Ca-supplemented diet and exposed to waterborne Cd, fish showed 35% mortality, compared to 0᎐2% in control fish and in the Cd-exposed fish with normal Ca in the diet. Growth, on the other hand, was not affected by any treatment. ᮊ
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Ž . Pagenkopf, 1983 . Cadmium appears to enter Ž mainly through gill ionocytes 'chloride cells';
. Wicklund Glynn et al., 1994 and accumulates mainly in kidney, liver, and gill tissue of fish Ž . Benoit et al., 1976; Roberts et al., 1979 . At high waterborne concentrations, cadmium is toxic to Ž . fish Ball, 1967 . In addition to causing direct Ž physical damage to gills Gardner and Yevich, . 1970 , cadmium disrupts calcium balance leading Ž to acute toxicity Roch and Maly, 1979; Verbost . et al., 1987; Reid and McDonald, 1988 . Cadmium irreversibly blocks calcium uptake at the basolateral membrane of gill ionocytes through non-( )2q Ž competitive inhibition of Ca -ATPase Verbost . et al., 1987 Verbost . et al., , 1988 Verbost . et al., , 1989 . At the gill surface, cadmium competes with calcium for high-affinity Ž calcium binding sites Playle et al., 1993a,b; Playle, . 1998 . The combined action of inhibition of apical calcium uptake and inhibition of Ca 2q -ATPase by Ž cadmium leads to acute hypocalcemia Roch and . Maly, 1979; Verbost et al., 1987 Verbost et al., , 1989 Water hardness has an ameliorating effect against cadmium uptake and toxicity in rainbow Ž trout Calamari et al., 1980; Pagenkopf, 1983; Part et al., 1985; Pascoe et al., 1986; Hollis et al., . 1997 Hollis et al., . , 2000 Richards and Playle, 1999 . As water Ž hardness defined as the sum of calcium and magnesium concentrations, expressed as CaCO 3 . equivalents; Wetzel, 1983 increases, acute Ž cadmium toxicity decreases Carrol et al., 1979;  . Pascoe et al., 1986; Davies et al., 1993 . The 96-h LC for cadmium is higher in waters having high 50 alkalinity and hardness relative to that in low Ž alkalinity and hardness waters Calamari et al., . 1980 . The major hardness cation, calcium, changes gill permeability, competes with cadmium for binding sites on the surface of gills, and re-Ž duces toxicity Calamari et al., 1980; Pagenkopf, 1983; Hunn, 1985; Part et al., 1985; Hollis et al., . 1997 .
Although the ameliorating effects of waterborne calcium on cadmium toxicity in fish are well known, little is known about the possible effects of dietary calcium on waterborne cadmium toxicity. Potentially, a calcium-rich diet may have a similar ameliorating effect as waterborne calcium, in a calcium-deficient environment where fish may be vulnerable towards cadmium toxicity. Areas subjected to acidic precipitation are also often impacted by metal pollution. In such areas, few calcium-rich invertebrate food sources may Ž . be available Mason, 1996 . However, if fish were to preferentially exploit the few remaining calcium-rich food sources, they might gain protective benefits. We report here on the interactions between dietary calcium and waterborne cadmium in rainbow trout, Oncorhynchus mykiss. Dietary calcium, supplemented using the inorganic cal-Ž . cium salt calcium chloride CaCl , protected 2 against the accumulation of cadmium in gill, kidney, and liver of trout. However, dietary calcium did not protect against disturbances in calcium homeostasis caused by waterborne cadmium.
Materials and methods

Experimental animals
Juvenile rainbow trout weighing 13.5" 0.3 g Ž . n s 160 , were obtained from Humber Springs Ž . Fish Hatchery Orangeville, Ontario . Fish were initially held in an aerated 500-l polyethylene tank that was supplied with 2.0 lrmin hard water Ž . dechlorinated Hamilton tap water , the same wa-Ž ter as used in the experimental exposures com-. position below . Fish were allowed to acclimate to laboratory conditions for at least 30 days prior to exposure. Fish were fed once per day with Ž commercial trout food Granulated Hatchery w x Feed, Corey Feed Mills Ltd, Na s 6 mgrg of w x food; P s 11 mgrg of food; crude protein s 55%;
. crude fat s 17%; crude fiber s 2% at a rate of w x 2% body massrday. Measured food Ca was 29.6 " 1.1 mgrg of food, n s 14 and measured food w x Cd was 1.5" 0.1 grg of food, n s 10. Five days prior to the experiment fish were randomly transferred to one of eight identical 200-l polyethylene tanks where waterborne cadmium and dietary calcium exposures were conducted. Water flow into each tank was maintained at 0.7᎐0.8 lrmin. Organic debris was siphoned daily. Dead fish were removed daily and mortality was recorded.
Diet preparation
Calcium-supplemented diets were prepared by mixing calcium chloride with commercial trout Ž food Granulated Hatchery Feed, Corey Feed . Mills Ltd . Calcium chloride was dissolved in deionized water and mixed with trout food in a pasta maker to give calcium-supplemented food. The paste was air dried for 3 days and analyzed Žw x for calcium Ca s 52.8" 5.9 mgrg of food, n s . Ž w x 8 . A control diet i.e. Ca s 29.6" 1.1 mgrg of . food, n s 14 was prepared using a similar method, but without adding calcium chloride.
Experimental design
The experimental approach consisted of two parts. First, juvenile rainbow trout were exposed to one of four treatments, each replicated in a separate tank for 35 days. x Nanopure II . Fish were sampled for tissue cadmium concentrations at 10, 20, and 35 days during the exposure. Some mortality occurred in Ž one of the treatment groups after day 20 see . Section 3 ; obviously sick fish were not sampled. After day 35, waterborne exposure was continued but feeding of the diets was suspended for a 5-day period before physiological tests were performed. The goal here was to ensure that mortality had Ž . largely ceased see Section 3 and to avoid any immediate effect of feeding on physiology. On day 40, surviving fish were either blood sampled for plasma calcium concentration or were subjected to a 4-h gill Ca-uptake assay, using 45 Ca.
Sampling and metal analysis
On days 0, 10, 20 and 35 of chronic waterborne Ž cadmium exposure, rainbow trout day 0: n s 16, 2 from each tank as all treatments were identical on day 0; subsequent days: n s 12 per treatment, . 6 from each tank were removed from each tank and quickly sacrificed with a blow to the head. Weight and length of each fish was measured. Routine dissections included removal of whole gills, liver, kidneys, and carcasses. Tissue samples were refrigerated at 4ЊC prior to subsequent calcium and cadmium analysis. On day 40, blood samples were taken via caudal puncture into heparinized 1-ml syringes. Whole blood samples were centrifuged at 10 000 = g for 5 min to separate plasma. Plasma samples were analyzed for calcium concentration. Day 10 liver and carcass samples were lost due to a procedural error.
Gills, kidneys, livers, and carcasses were digested in 3᎐5 volumes of 1 N HNO for 24 h at 3 Ž . 60᎐80ЊC. Water samples 5 ml were acidified using 50 l of 1 N HNO . Tissue and water 3 samples were analyzed for cadmium and calcium Ž . Ž . using graphite furnace GFAAS and flame AAS atomic absorption spectrophotometry, respec-Ž tively Varian AA-1275 fitted with a GTA-95 . Graphite Tube Atomizer, Mississauga, Ontario .
Ž . Whole body metal concentrations WB were determined using the following formula:
where G is the gill metal concentration, K is the kidney metal concentration, L is the liver metal concentration, C is the carcass metal concentration, m is the mass of whole body tissue, m is the mass of carcass tissue. WB was calculated for each individual fish, and tests demonstrated that cadmium losses during dissection were less than 5% of the total WB value.
Calcium uptake kinetics
On day 40, unidirectional Ca 2q uptake from the water into the gills was determined by expos-45 Ž ing fish for 4 h to radioactive Ca Hogstrand et . al., 1994 in the appropriate exposure water. Exposure waters were taken directly from the tanks that housed the fish for 40 days and thus either contained elevated waterborne cadmium or not, as appropriate. Twelve fish from each treatment Ž . 6 per replicate were placed into 5-l clear plastic bags which were provided with aeration, and housed in a water bath to maintain temperature Ž . 8ЊC . Five minutes before fish were added to the 45 45 Ž bags, 2 Cirl Ca was added as CaCl specific 2 activity s 10 mCirmM; New England Nuclear, . Boston, MA . Duplicate water samples of 5 ml were taken at 0 and 4 h. After the 4-h exposure, fish were removed and quickly sacrificed with a blow to the head. Gills were excised and rinsed ( )for 10 s in 5 ml de-ionized water to displace loosely bound 45 Ca. Gill tissue and water samples were frozen for future analysis. Gill tissues alone were analyzed, because our goal was to look at branchial effects only, and not whole body Ca 2q uptake which may be complicated by a substantial Ž uptake component across the skin e.g. Perry and . Wood, 1985 . A distilled water rinse, rather than a cold calcium displacement or EDTA rinse, was employed as we did not wish to displace 45 Ca from specific high affinity surface sites which are likely part of the Ca 2q uptake process into gills Ž . Playle et al., 1993a,b . Following . specific activity of Ca in the water cpmrmol , 'CE' is the relative counting efficiency of the 'tissue᎐solubilizer᎐fluor system', compared to the Ž . 'water᎐fluor system', and 't' is time h .
Statistical analysis
All data have been expressed as mean " 1 S.E. Ž . n . Mean values were analyzed for statistical significance between treatments by using a oneway ANOVA followed by a 'post hoc' Tukey's b test to compare treatment means to one another. The level of significance was P-0.05.
Results
Fish mortality
Ž Mortality of juvenile rainbow trout corrected . for sampling exposed to the combination of dietary calcium and waterborne cadmium was sig-Ž nificantly higher 35 " 4% at day 35, n s 2 tanks . of approx. 80 fish each than mortality of fish in Ž the other three treatments dietary calcium only treatment: 1 " 0%, n s 2; waterborne cadmium only treatment: 2 " 2%, n s 2; control: 0 " 0%, . Ž . n s 2 . Fig. 1 . Elevated mortality in this treatment group started after day 20, was first signifi-Ž . cant P-0.05 relative to the control group at day 25, was at its greatest from days 30 to 35, and Ž . had slowed considerably by day 40 Fig. 1 . Fish growth was not affected by any treatment and Ž . averaged 0.12" 0.02 grfishrday n s 48 . Over Ž . the 35 days, weight increased by 37 " 5% n s 48 Ž . and total length increased by 6 " 1% n s 48 . Furthermore, there were no differences in water chemistry of the eight tanks.
Cadmium accumulation
Waterborne cadmium exposure caused signifi-Ž . cant cadmium accumulation P-0.05 in gill, liver, and kidney tissues as well as the whole body Ž . of rainbow trout Figs. 2 and 3 . Accumulation of Ž . cadmium in gill and kidney Fig. 2 differed from Ž . accumulation in liver and whole body Fig. 3 . By day 35, in trout which had been exposed only to waterborne cadmium, cadmium accumulated to Ž levels which were 20.4-fold higher in gills Fig. . Ž . 2a , 18.0-fold higher in kidney Fig. 2b , 2.7-fold Ž . higher in liver Fig. 3a , and 1.3-fold higher in Ž . whole body Fig. 3b , relative to those in the control group. In waterborne cadmium exposed fish, simultaneous elevation of calcium in the diet Ž significantly decreased P-0.05, relative to wa-. terborne Cd exposure alone cadmium accumula-Ž tion in these tissues and in the whole body on day 35: 75% drop in gill cadmium, 72% drop in kidney cadmium, 62% drop in liver cadmium, and . 24% drop in whole body cadmium; Figs. 2 and 3 . Most of these differences were already apparent by days 10᎐20. In fish which were fed Ca-supplemented diet and kept in control water, there was Ž a significant decrease 40% drop in gill cadmium . on day 35; P-0.05 of baseline cadmium concen-Ž . tration in gill tissue relative to controls Fig. 2a . However, no other changes in cadmium concentration were observed in other compartments, Ž . except for a slight decrease P-0.05 in whole Ž body cadmium on day 20 relative to controls Fig.  .  3b . 
Calcium metabolism
Ž .
Short-term 4-h unidirectional calcium uptake into the gills from the water was inhibited by Ž waterborne cadmium relative to controls 26% drop in unidirectional calcium influx on day 40;
. Fig. 4a . In addition, cadmium exposure induced Ž . significant hypocalcemia P-0.05 in the blood Ž plasma relative to controls 6% drop in plasma . calcium on day 40; Fig. 4b . Calcium supplementation through the diet neither protected against inhibition of calcium uptake into gill nor pre-Ž . vented hypocalcemia in plasma Fig. 4 .
After 20 days of exposure to the combination of waterborne cadmium and dietary calcium, calcium concentration in gill tissue significantly in-Ž creased relative to controls 17% increase in gill . calcium concentration on day 20; Fig. 5a . However, a reduction of calcium concentration was induced in gills of trout exposed to waterborne Cd without Ca-supplementation of the diet, an Ž . effect which was significant P-0.05 on day 35 Ž relative to controls 11% drop in gill calcium . concentration on day 35; Fig. 5a . Reduced calcium levels were also observed in liver tissues of trout that were exposed to waterborne cadmium Ž alone or in combination with dietary calcium 26% drop in liver calcium for both treatments on day . 20 relative to controls; Fig. 5b . Neither waterborne cadmium nor dietary calcium significantly Ž . altered P-0.05 calcium concentration in kid-Ž . ney or whole body tissues Fig. 5 . However, there Ž . were significant decreases P-0.05 in calcium concentrations, relative to day 0 values, in the kidney, liver, and whole body during the 35-day 
Discussion
The current study has revealed interesting interactions between dietary calcium supplementation and the responses to waterborne cadmium. Based on the observations made throughout the 35-day exposure and subsequent experiments on day 40, the interaction between calcium and cadmium were manifest through two separate mechanisms. First, in the presence of cadmium, dietary calcium inhibited waterborne cadmium accumulation in gill, liver, kidney, and whole body Ž . of rainbow trout Figs. 2 and 3 , and caused an Ž . elevation of calcium levels on day 20 in gill Ž . tissue Fig. 5a . Second, waterborne cadmium blocked unidirectional calcium influx from the Ž . water into the gills Fig. 4a and caused hypocal-Ž . cemia Fig. 4b regardless of the dietary history, and also induced a lowering of calcium levels in Ž . the gill tissue on day 35 of trout fed a normal Ž . diet Fig. 5a . Doubled dietary calcium when coupled with waterborne cadmium exposure caused 35% mortality, whereas fish exposed to either cadmium alone or additional dietary calcium Ž . alone exhibited negligible mortality Fig. 1 . However, it is important to note that the key trends in cadmium accumulation, and most importantly its reduction by dietary calcium, had already started Ž . by day 20 Figs. 2 and 3 , before the start of significant mortality. The protective effects of dietary calcium against cadmium accumulation were even more pronounced by day 35 after significant mortality had occurred in the calcium supplemented treatment. Thus the results were not biased by the 'survivor effect'.
Cadmium accumulation, mainly in gill, liver, and kidney of rainbow trout, has been previously Ž .
Ž . Fig. 3 . Accumulation of Cd in liver a and whole body b of juvenile rainbow trout during 35 days. Day 10 liver tissues were lost. Same format as Fig. 2 . 
Ž
. reported Benoit et al., 1976; Giles, 1988 . At the gills, cadmium has been shown to enter through Ž chloride cells and accumulate therein Wicklund . Glynn et al., 1994 and pass into the blood stream across the basolateral membrane by an unknown Ž . mechanism Verbost et al., 1987 Verbost et al., , 1989 . It is not known how it is targeted to the various organs, though the rates of tissue-specific accumulation must relate to the rate of branchial entry. In the present study, an approximate doubling of dietary calcium significantly inhibited cadmium accumulation in gill by 75%, in kidney by 72%, in liver by 62%, and in whole body by 24% relative to con-Ž . trols Figs. 2 and 3 . Despite the dramatic inhibition of cadmium accumulation in gill and kidney tissues induced by dietary calcium, cadmium levels remained elevated compared to the control Ž . gill and kidney cadmium concentrations Fig. 2 . During the 35-day exposure, even background cadmium levels dropped in gills of dietary calcium Ž . treated fish 40% drop; Fig. 2a . Studies on waterborne calcium have shown similar findings. Hollis Ž . et al. 1999 Hollis Ž . et al. , 2000 reported that waterborne calcium reduced cadmium accumulation in gill, liver and kidney tissues by inhibiting cadmium uptake at gills. In theory, elevated dietary calcium may gradually induce elevation of plasma calcium. Consequently, plasma calcium may leak into the ionocytes from the blood across the basolateral membrane and induce apical calcium channel closure directly or indirectly, thereby, preventing further cadmium influx from the water into the gill and internal tissues. While plasma calcium was not elevated in the present measurements, it must Ž be remembered that these measurements Fig. . 4b were taken only at the end of the exposure after suspension of the dietary regime, when the Ž . gill pattern was already well established Fig. 2a .
Waterborne cadmium competes for high affinity calcium binding sites on the gill surface Ž . Playle et al., 1993a,b; Playle, 1998 and inhibits the basolateral high affinity Ca 2q -ATPase Ž . Verbost et al., 1987 Verbost et al., , 1988 Verbost et al., , 1989 , thereby causing a 26% drop in unidirectional calcium flux from Ž . water into the gills relative to controls Fig. 4a . Ž . Ž . Reid and McDonald 1988 and Hollis et al. 1999 similarly reported reduced unidirectional calcium influx into whole body of rainbow trout that were exposed to waterborne cadmium. Cadmium has also been reported to cause changes to the ultra-Ž structure of the gill epithelium Pratap and Wen-. delaar Bonga, 1993 . Dietary calcium by itself, on the other hand, did not alter unidirectional cal-Ž . cium flux from water into the gills Fig. 4a .
In the presence of cadmium, dietary calcium caused a significant elevation of calcium concen-Ž . tration P-0.05 in gills of rainbow trout on day Ž . 20 Fig. 5a . However, when fish were fed a normal diet, waterborne cadmium caused a significant decrease in calcium concentration in the gills Ž . Ž on day 35 Fig. 5a and in plasma on day 40 Fig. . 4a . The latter observation was a 'snap shot' of plasma calcium concentration at the end of the experiment. Although hypocalcemia has been observed in plasma of fish exposed to 10 grl waterborne cadmium, calcium concentrations Ž . eventually recovered Pratap et al., 1989 . Calcium homeostasis in gill ionocytes is probably regulated via several plasma membrane calcium Ž transport mechanisms reviewed in Schoenmakers . et al., 1992 . At the basolateral plasma mem- et al., 1987 , 1988 reviewed in Flik . et al., 1993 . In the presence of cadmium, first Ca 2q -ATPase activity and later SMOCs are inhib-Ž . ited Verbost et al., 1987 Verbost et al., , 1989 . Consequently, blockade of calcium transport may lead to inhibition of calcium extrusion from ionocytes, and thereby contribute to the observed elevation of calcium concentration in the gill tissue. However, in the absence of dietary calcium, cadmium may effectively block the main calcium uptake route Ž . waterborne causing hypocalcemia in gills and Ž . plasma Fig. 4 .
Based on our findings on the distribution patterns of cadmium and calcium, as well as recent findings on calcium and cadmium transport in the gills of rainbow trout, we postulate an hypothesis to explain our result in the context of calcium homeostasis. Possibly, the combined effects of calcium leakage into the gill cells from the blood, inhibition of calcium extrusion from cytoplasm by cadmium, and inhibition of calcium efflux into the water may lead to calcium buildup in the gill cells of fish exposed to waterborne Cd in the presence of high dietary calcium. The rise in plasma calcium may induce mobilization of stanniocalcin, a calcitropic hormone known to regulate the activ-Ž ity of SMOCs via a second messenger reviewed . in Flik et al., 1993 . In turn, stanniocalcin release may inhibit calcium and cadmium influx through the SMOCs, thereby disrupting calcium homeostasis and leading eventually to hypocalcemia in plasma and reduced cadmium accumulation in body tissues. Alternately, via a stanniocalcin-independent pathway, dietary calcium may interact with calmodulin leading to inhibition of SMOCs, thereby, again inhibiting calcium and cadmium influx.
Despite its protective effects on cadmium accumulation, dietary calcium supplementation seemed to be associated with mortality, at least in the presence of waterborne cadmium, but the Ž phenomenon did not start until after day 20 Fig. . 1 . On the other hand, cadmium exposed fish that ( )were fed control diet did not show significant mortality. Studies on non-aquatic organisms, such Ž . Ž as humans Gamble et al., 1925 , bovines Oetzel . Ž et al., 1991 Goff and Horst, 1993 and rats Clas-. sen et al., 1995 , have shown that some inorganic calcium salts, specifically calcium chloride, when fed in the diet may induce severe metabolic acidosis, which in turn disrupts ionoregulatory balance. In a separate study, we observed abnor-Ž mal behavior such as vomiting, neurological dys-. function, hemorrhage, and constipation and substantial rapid mortality in fish fed high concentrations of calcium chloride or calcium nitrate even when not exposed to waterborne cadmium. The phenomenon of mortality is currently under investigation.
In conclusion, this study has shown that waterborne cadmium and dietary calcium interact via two separate mechanisms. First, dietary calcium inhibits waterborne cadmium accumulation in gill, liver, kidney, and whole body of rainbow trout. Second, waterborne cadmium inhibits unidirectional calcium flux from the water into the gills. However, dietary calcium does not protect against hypocalcemia induced by waterborne cadmium. In addition, a combination of elevated dietary calcium and waterborne cadmium actually leads to increased toxicity in rainbow trout. Thus if trout under chronic waterborne Cd exposure in a field situation were to switch their diet to more Ž calcium-rich food sources e.g. from fish and in-. sects to benthic mollusks and crustaceans , they might gain some benefits in reducing long term cadmium accumulation, though implications for survival are unclear. 
